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Transport phenomena in out-of-equilibrium systems is immensely important in a myriad of appli-
cations in biology, engineering and physics. Complex environments, such as the cytoplasm or porous
media, can substantially affect the transport properties of such systems. In particular, recent inter-
est has focused on how such environments affect the motion of active systems, such as colloids and
organisms propelled by directional driving forces. Nevertheless, the transport of active matter with
non-directional (rotational) activity is yet to be understood, despite the ubiquity of rotating modes
of motion in synthetic and natural systems. Here, we report on the discovery of spatiotemporal
metamaterial systems that are able to dictate the transport of spinning colloids in exquisite ways
based on solely two parameters: frequency of spin modulation in time and the symmetry of the
metamaterial. We demonstrate that dynamic modulations of the amplitude of spin on a colloid in
lattices with rotational symmetry give rise to non-equilibrium ballistic transport bands, reminiscent
of those in Floquet-Bloch systems. By coupling these temporal modulations with additional symme-
try breaking in the lattice, we show selective control from 4-way to 2-way to unidirectional motion.
Our results provide critical new insights into the motion of spinning matter in complex (biological)
systems. Furthermore, our work can also be used for designing systems with novel and unique trans-
port properties for application in, for example, smart channel-less microfluidics, micro-robotics, or
colloidal separations.
Active transport of particles or organisms has been a
topic of interest in multiple fields ranging from molecu-
lar transport of proteins [1] to the motion of phytoplank-
ton [2] to the self-organization of flocking birds [3]. At
small scales, inhomogeneous environments strongly af-
fect the transport of self-propelled/driven particles [4, 5]
and microorganisms [6, 7]. Surprisingly, self-propelled
organisms dynamically alter their propulsion mechanism
as they receive hydrodynamic feedback from obstacles
in their surrounding environment. For example, the ne-
matode C. elegans swims faster in porous environments
by coupling its undulatory locomotion mechanism to
match the periodicity of the pillars that make the porous
media [8]. In another study, Engstler and co-workers
have shown how adaptation of locomotion mechanisms
in certain parasites to the density of neighboring obsta-
cles helps them endure harsh crowded environments like
blood [9]. These studies showcase that boundary condi-
tions strongly affect the motion of organisms in heteroge-
neous media at microscale. However, what remains to be
understood is how the interplay between spatial arrange-
ment of the heterogeneities in the environment with the
characteristics of the propulsion mechanism can lead to
a wide variety of non-trivial transport regimes, such as
trapped or ballistic?
Inspired by these natural systems, we approach this
problem from a different point of view and ask: for a
given mode of activity, can one design materials that pre-
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cisely control the transport of active particles? Here, we
show that this is possible for a class of active colloids
that spin instead of self-propel. Spinning colloids, while
non-motile on their own, have been shown to display new
emergent states different from those of self-propelled par-
ticles [10–13]. In particular, for active spinning colloids,
the environment plays a critical role since they do not
exhibit translational motion in a homogeneous environ-
ment, unless they are close to boundaries or other par-
ticles [14]. In order to completely define the transport
of active spinning colloids, we incorporate insights from
out-of-equilibrium quantum systems, and in particular
from Floquet-Bloch systems [15–17], where the combi-
nation of temporal modulation of the potential and the
spatial arrangement of the lattices can lead to non-trivial
transport states [18–21]. In our particular colloidal sys-
tem, we couple the temporal modulation of the activity
to the symmetry of the underlying substrate to create
metamaterials that control the transport of active col-
loids. These metamaterials exhibit controlled transport
in any direction of the lattice and can be predefined by
appropriate selection of the symmetry of the environment
together with the frequency of modulation, as will be
shown below. We believe our proposed model could be
helpful in designing smart materials for controlled trans-
port and separation of colloidal particles based on their
physicochemical properties which is important for many
fields including microfluidics and soft robotics. Also, the
physical principles unraveled in our active colloidal sys-
tem may pave the way to a predictive understanding of
non-thermal transport in active biological systems.
Our system is composed of an active particle and a
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2FIG. 1. Active particle spinning in a periodic array of posts.
a Schematic of the system geometry: a colloid spins in a 2D
array of posts in a Newtonian fluid. b Forces on a spinner
with angular velocity Ω in the lattice are: the hydrodynamic
repulsive and rotational (tangential) forces, Fr and Ft respec-
tively. The attractive force Fa that is due to electrostatic in-
teractions. c An example of the effective force field is shown
in the unit cell of a square lattice. The color indicates the
magnitude of the net force. The conditions used in this plot
are : l = 5, Ret = 0.17, A = 0.05, B = 1 , Γ = 0 and no ther-
mal fluctuations, i.e. Pe → ∞). d The steady state solution
of this system in the absence of activity modulation exhibits
two states: inner band (yellow) with Γi = 5.2 × 10−4 and
corner band (blue) with Γc = 0.01. Due to the rotational
symmetry of the square lattice, both states of the spinner are
localized.
passive 2D array of fixed posts in a Newtonian fluid of
viscosity η confined between two substrates (Fig. 1 a).
The active particle is spinning with its axis of rotation
perpendicular to the confining substrates (z-axis). As the
spinning particle (or spinner) rotates, it creates a vortical
velocity field. In the limit of small but finite Reynolds
number, this field contains a purely rotational compo-
nent, Ft, and a small, albeit important, radial compo-
nent, Fr. (Fig. 1 b). The rotational (tangential) com-
ponent causes the colloid to rotate around the posts and
it scales as 1/r3, where r is the distance of the spinner
from the post. The secondary flows induce a radial repul-
sive force Fr between the spinner and the posts that has
a more complex scaling, and was determined using Lat-
tice Boltzmann simulations, which show excellent agree-
ment with experiments [12, 13]. Finally, the attraction
Fa between the colloid and the posts is considered for
simplicity as a simple Coulomb force. We note that our
conclusions are general even if we replace this force with a
screened interaction or another attraction force of any na-
ture (for example depletion forces). A typical force field
experienced by the spinner in this environment is shown
in Fig. 1 c. For convenience, the force is made dimen-
sionless using characteristic Stokes drag force 6piηΩ0r
2
s ,
where rs is the radius of the colloid and Ω0 is the con-
stant rotational frequency of the spinner. The force on
the spinner in the dimensionless form is written as
F =
∑
i
A Re Uˆ× Ωˆ/r3i S(Re) + B Ωˆ× rˆi/r3i −Γ rˆi/r2i ,
(1)
where the overall magnitude of the force is dictated by
the parameters A, B, and Γ that corresponds to the rota-
tional speed, physical and electrostatic properties of the
medium, posts, and spinner. The first two terms corre-
spond to the hydrodynamic repulsion (Fr) and rotational
(Ft) forces, respectively. The repulsive hydrodynamic
term is a lift force on the spinner from the neighboring
posts at low, but finite Reynolds number, Re = ρr2sΩ0/η,
where ρ is the density of the fluid. According to our
numerical solution of the Navier-Stokes equations using
the Lattice Boltzmann method, this Magnus lift force
is only effective beyond a certain transition Reynolds
number, Ret. When the spinner’s motion corresponds
to Re < Ret, the magnitude of this lift force becomes
negligible compared to the other forces (see SI). We im-
plemented this behavior in our Langevin model using a
sigmoid function, S(Re) = 1/(1+e−G(Re−Re
t)), where G
determines the width of the transition region. Electro-
static forces are described by the third term in Eq. 1. In
this equation, the sum runs in principle through all the
obstacles indexed by the parameter i. The distance be-
tween the spinning particle and the ith obstacle is given
by ri and the hat denotes unitary vectors.
To understand under what conditions this system al-
lows ballistic transport modes, we directly simulate the
dynamics of the spinning colloid in the overdamped
regime using the dimensionless Langevin equation
r˙ = F +
√
2
Pe
ξ(t) (2)
where r is the position and ξ(t) is a normalized white
noise with 〈ξ(t)〉 = 0 and 〈ξ(t)ξ(t′)〉 = δ(t − t′). The
deterministic forces (F), including both hydrodynamic
and non-hydrodynamic forces, are obtained from Eq. 1.
The Pe´clet number (Pe) measures the ratio of convec-
tive to thermal (stochastic) forces and it is defined as
Pe = Ω0r
2
s/D, where D =
kBT
6piηrs
is the diffusion coef-
ficient. Eq. 2 is solved using an explicit Euler forward
time scheme. The equivalent Fokker-Planck equation for
this system corresponds to a Convection-Diffusion equa-
tion, where the repulsive term in the force becomes the
reaction/potential term, and the rotational component
of the force becomes the convective term. The diffusive
part corresponds to the random motion of the spinner
characterized by Pe. Our design for this material was in-
spired by the several similarities that the Fokker-Planck
equation shares with the Schro¨dinger equation for 2D
electrons in magnetic fields in a periodically pinned sys-
tem.
3FIG. 2. Ballistic transport in a square lattice can be induced
via dynamic hybridization of the inner and corner localized
states by modulating the rotational frequency of the spinner.
a and c Domains of localized solutions in a square unit cell are
shown in yellow and blue. For Γ0 < 0.0021, the spinner is lo-
calized at inner domain plotted in yellow and at Γ0 ≥ 0.0021,
it is bound to the blue corner domain. b and d Modulat-
ing the angular velocity Ω(t) at time periods of τ = 188 and
τ = 118, leads to two 2D modes of ballistic motion. Insets of b
and d show straight and f diagonal, trajectories, respectively.
e As a demonstration, we wrote MIT letters in a continu-
ous trajectory by switching between these two time periods
(τ = 118 and 188) in a timely manner. The parameters are
the same as Fig. 1 except for Γ0 = 0.001 and a0 = 0.9.
In the case of a 2D square array, and in the absence
of any modulation of the rotational speed (i.e. constant
Ω = Ω0), the spinner is localized in one of two states
(Fig.1 d) : i) inner state and ii) corner state. Both
of these states are localized and display no net motion,
differing only by a post “winding number”: 0 for inner
state and 1 for corner state.
Inspired by Floquet-Bloch bands in optical lattices,
where one can control transport of quantum systems [20],
we modulate the magnitude of spinner’s rotational speed
as
Ω(t) = Ω0
(
1 + a0 sin(
2pi
τ
t)
)
, (3)
in order to controllably hybridize both bound (localized)
states observed in the non-modulated case. Here, t is
time and τ is the period of modulation. Note that in our
dimensionless formulation shown in Eq. 1, this modula-
tion is applied via Γ = Γ0/(1 +a0 sin(
2pi
τ t)). As shown in
Fig. 2, an amplitude-modulated spinner in a square lat-
tice can cross between the corner and inner trajectories
(or bands) and eventually break free of these “localized”
states and transport ballistically between unit cells. We
present two hybridization patterns of these bands. We
start by finding the Γ0 parameter that corresponds to
steady solution of the spinner at the most outer corner
band. Application of an attraction force with such mag-
nitude assures that the spinner, regardless of its initial
position, moves to a trajectory at the edge of corner and
inner states (Fig. 2 a and c). If we keep Ω constant, the
spinner remains on the most outer corner band and fol-
lows a closed loop around the neighboring post, as shown
with a blue-dotted line in Fig. 2 a and c. However, if we
periodically oscillate Ω (i.e. Γ) such that the spinner
moves to the inner band when Γ is minimum and trans-
fers to the corner bands at Γ’s peak, we can transport
the spinner between unit cells. The time period at which
this Γ modulation should occur is dictated by the speed
of the spinner on these two closed bands and the num-
ber of times the spinner crosses between localized states
(Fig. 2 b and d). For the particular set of parameters
we have chosen here (l = 5, Ret = 0.17, A = 0.05, B
= 1 , Γ0 = 0.001, a0 = 0.9, and no thermal fluctua-
tions, i.e. Pe →∞), we find that at τ = 188 the spinner
crosses between the bands only twice in each unit cell,
which yields a 4-fold degenerate straight ballistic trajec-
tory (Fig. 2 b inset) along the (1 0) or (0 1) planes of the
array. Alternatively, for higher number of crossings in a
unit cell, the spinner can move ballistically on a diagonal
path, which for our system occurs at τ = 118 (Fig. 2 d
inset). Finally, by dynamically adjusting τ one can con-
trol the transport of the colloid in any desired pattern
(Fig. 2 e). More discussion on the ranges of τ and the
kinetics of transitions between these states are available
in the SI. Furthermore, to gain a deeper understanding of
the conditions under which ballistic transport is achieved
in square lattices, we probed the design parameters in
the Floquet-Bloch system (see SI). For this system, we
found a quadratic relation between angular modulation
frequency 2pi/τ and the lattice wavenumber 2pi/λ (see
the quasi-dispersion plot in Fig. S6), reminiscent of that
for a free electron.
In the previous part, we found 4-way transport regimes
along the square lattice symmetry planes. However, one
can reduce the degeneracy by breaking the symmetry of
the system. Two examples of lattices with broken ro-
tational symmetries are shown in Fig. 3 a and b. The
rotational symmetry in the lattice in Fig. 3 a is broken
by shifting every other row of the posts in a square lat-
tice by δy = δ, henceforth referred to as “Y-Shifted”
lattice. The lattice in Fig. 3 b has also a broken inver-
sion symmetry, since the position of every other post in
the shifted rows, is moved by the amount δx = , hence
called “XY-Shifted”.
4FIG. 3. Breaking the rotational symmetry in the lattice leads
to emergence of ballistic bands, even in the absence of am-
plitude modulation. The effective force field of Y-Shifted and
XY-Shifted lattices are shown in a and b, respectively. The
parameters are as stated in Fig. 1b. The broken rotational
symmetry leads to the opening of corner states into “direc-
tionality avenues” in the y-direction, which yields to the c
emergence of ballistic motion of the spinner with no mod-
ulation in amplitude of Ω. d When modulating Ω in the
XY-Shifted lattice one can control the directionality of the
spinner. For example, all the spinners move in the positive
(negative) direction of x-axis at τ = 29 (τ = 500). The pa-
rameters are the same as in Fig. 1 except for Γ0 = 0.003 and
a0 = 0.95. Results here are shown for δ = 1.25 and  = 1.75.
As shown in Fig.3 a and b, the broken rotational sym-
metry in both Y-Shifted and XY-Shifted lattices alter
corner states to open trajectories. Note that the addition
of the attraction force on the spinner can eliminate the
inner states by merging them with open corner trajecto-
ries. There are two main differences between the ballistic
transport states of the spinner in these lattices with bro-
ken rotational symmetries and that in square lattices.
First, the symmetry of the array of posts in Y-Shifted
and XY-Shifted lattices is sufficient for a ballistic state to
emerge, hence, there is no need for amplitude-modulation
to hybridize the closed bands. This symmetry-protected
transport displays significant robustness against thermal
fluctuations (see SI) compared to the transport in square
lattices driven by amplitude modulation. Second, the de-
gree of freedom of the motion vanishes in the direction
that the rotational symmetry is broken (i.e. y-direction).
Therefore, the spinner is only restricted to move in one-
dimension (Fig. 3 c and d). Nevertheless, we show that by
breaking the inversion symmetry (as in XY-Shifted lat-
tice), the amplitude-modulated Ω can be used to further
reduce the motion’s degree of freedom to either positive
or negative x-direction, depending on τ (Fig. 3 d). These
results show that a Floquet-Bloch system with broken
symmetries in the lattice can be used to design metama-
terials capable of transporting active spinning particles
in unidirectional fashion. While we applied this concept
in the x-direction, in general this will apply in the y-
direction, and thus one can create completely controlled
transport of active colloids by either spatially having dif-
ferent lattices or by using a single lattice and modulating
the rotational speed Ω.
In summary, here we have introduced a new approach
to design material systems which offer exquisite control
of the transport regimes of active colloids. Such metama-
terials rely on the selective hybridization of bound states
and the coupling between the spatial symmetry of the
lattice and the modulation of the activity. While in this
work we only focused on spinning particles, we believe
our results are equally applicable to other vortical (spin-
ning) flows. Examples include, but are not limited to,
emergent of vortices in bacterial suspensions [22, 23] or
in populations of colloidal rollers [24–26]. Also, our work
can be extended to other lattices with higher symme-
tries where more planes for transport may be available,
and thus more control on the directionality of the sys-
tem. Nevertheless, our results are general and show that
in a symmetric lattice it is possible to hybridize bound
states by an amplitude-modulated spin to engineer new
transport regimes. By sequentially breaking the rota-
tional symmetry, we explicitly showed that one can open
“directionality avenues” along which the active particles
can spontaneously move ballistically, opening the door
for complete control of the motion of a colloid in these
lattices. Finally, we note that the ballistic motion of the
spinners in these lattices is reminiscent of the motion of
electrons on the edge of a 2D electron gas in the presence
of strong perpendicular magnetic field, as in the case of
the quantum Hall effect. This behavior is also intimately
related to the mass transport of active nematic swimmers
in Lieb lattices with grain boundaries [27]. Further work
is necessary to understand the full prospects of these non-
equilibrium states of active spinning systems, but this
work is a first incursion into this unexplored area. We be-
lieve our results have many potential implications in the
way vortices in nature move in different systems and will
have direct applications in microfluidics, micro-robotics,
and particle separation schemes.
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